The energy content of weight change is assumed to be sex-and age-neutral at 3500 kcal=pound or 32.2 MJ=kg. OBJECTIVES: As sexual dimorphism in body composition generally exists in mammals, the primary hypothesis advanced and tested was that the energy content of weight change differs between men and women. DESIGN: The energy content of 129 adult men and 287 women was measured by neutron activation analysis. Cross-sectional energy content prediction models were developed and then evaluated in two longitudinal samples: one that used the same methods in 26 obese women losing weight; and the other a compilation of 18 previously reported weight change -body composition studies. RESULTS: Multiple regression modeling identified weight, sex, age and height as total energy content predictor variables with significant sexÂweight (P < 0.001) and ageÂweight (P < 0.001) interactions; total model r 2 and s.e.e. were 0.89 and 107.3 MJ, respectively. The model's predictive value was supported in both longitudinal evaluation samples. Model calculations using characteristics of representative adults gaining or losing weight suggested that the energy content of weight change in women ( $ 30.1 -32 as a means of estimating the change in energy balance required to accomplish a specified gain or loss in body mass.
Introduction
In 1952 Wishnofsky introduced the now classic concept that a 1 kg change in human body mass requires a corresponding energy content change of 32.2 MJ, or 3500 kcal=pound. as a means of estimating the change in energy balance required to accomplish a specified gain or loss in body mass. 2 -9 Few studies have since attempted to validate the energy content of weight change 'constant', and those that have almost exclusively evaluated relatively young, overweight women. 10 -13 Diet, 14 the type and amount of physical activity, 15 duration and magnitude of energy balance change, 16 and subject baseline body mass 17, 18 are all factors recognized as potential moderators of the '32.2 MJ=kg' rule.
Among mammals, males tend to be larger and weigh more than females. 19, 20 Sexual dimorphism tends to exist in fuel compartment proportions, with high calorie density fat mass relatively larger in females than in males. 21, 22 Accordingly, we advance the hypothesis that sexual dimorphism also exists in the energy content of weight change in humans. The hypothesis assumes that, in adults, stable body composition relationships exist following long-term weight change that are similar to those observed in the general weightstable population.
Moreover, aging is associated with a decline in protein mass and a proportional increase in fat mass among most mammalian species. 23 It therefore seems unlikely that the '32.2 MJ=kg' rule applies equally to young and elderly subjects.
While the simple Wishnofsky model is not used for precise research calculations, estimating the change in energy balance required to achieve a new higher or lower body mass is widely used in the clinical setting for both patient educational and treatment purposes. Sex-or ageeffects on the model may be important in these contexts and may help to explain some inadequately investigated phenomena such as why diet-induced weight loss tends to be slower in elderly subjects, particularly following experimental overfeeding, 24 than in young adults. Moreover, in the current era of quantitative modeling of energy balance components the need exists to refine qualitative relationships such as Wishnofsky's rule.
The present study aimed to test the hypothesis that sexual dimorphism exists in the energy content of weight change in humans. A secondary goal was to examine the effects of age, after controlling appropriately for other factors, on the energy content of weight change.
Methods

Protocol
Our initial assumption, to be subsequently evaluated, is that when subjects change body mass the corresponding longterm change in total body energy content can be estimated from an appropriate cross-sectional prediction model. The cross-sectional total body energy content -body mass model would then allow calculation of Denergy content=Dbody mass and allow a critical analysis of the '32.2 MJ=kg' rule. A fundamental assumption of the model is that following a change in energy content the subject's new stable body weight plateau is associated with fuel compartment proportions similar to those observed in the general weight-stable population. We base this assumption on body composition evaluations in weight stable post-obese subjects 25 and subjects following surgical treatment of obesity. 26 After controlling for body mass, we examined the sex-and age-dependency of predicted total energy content in multiple regression models by testing the significance of sexÂ weight and ageÂweight interaction terms.
The developed total energy content -body mass prediction model was then applied on our own and other longitudinally evaluated cohorts. The first evaluation group consisted of obese women treated at our Center who were studied using identical body composition methods to those of the cross-sectional model development group. The diet consisted of a balanced nutrient intake created by combining various food choices and at times a formula diet with minimal daily intake levels set at 3.77 MJ. Subjects were encouraged to exercise as part of behavioral management, although a specific high-intensity physical activity program was not included in the protocol.
The second collective evaluation sample consisted of group mean data derived from earlier published studies that reported appropriate body composition and subject demographic data. We specifically sought representation from three types of studies. First, we developed a data set from a broad range of earlier weight loss trials of at least 3 months duration that were based on conventional lowenergy diets and that did not specifically include a medication or exercise component. Second, we collected earlier reports of 'post-obese' subjects, those individuals who had lost and then maintained their body weight over relatively long time periods, up to several years. Third, we collected earlier reports of subjects gaining weight over several-month periods with either experimental or therapeutic dietary interventions. Our review of earlier reports was not intended to be exhaustive, but rather to provide representative data sets in the aforementioned three areas. In several of the studies mean values such as height were not provided. In these cases we inserted values such as those for Reference Male or Female. The assumed values are provided in the tables. Studies also occasionally provided data for several groups in addition to the one selected that failed to meet this study's subject selection criteria. These groups were not included. The characteristics of all selected groups are provided in a Results section summary table. Representative sexand age-specific values were then calculated from the prediction model for energy content of weight change.
Neutron activation analysis methods were used to establish each experimental subject's body composition and energy content. The body composition evaluation protocol was carried out over 2 days and included a screening physical examination and blood studies followed by isotope dilution for total body water (TBW), 27 whole-body 40 K counting for total body potassium (TBK), 28 prompt-g in vivo neutron activation analysis for total body nitrogen (TBN), 29 and delayed-g in vivo neutron activation analysis for total body sodium (TBNa), chlorine (TBCl), and calcium (TBCa). 30 The six measured compartments allowed calculation of total body fat, protein and glycogen mass.
The study protocol was approved by the Institutional Review Boards of St Luke's-Roosevelt Hospital Center and the Brookhaven National Laboratory (BNL) and all subjects gave written consent prior to participation.
Subjects
Subjects for the model development group were selected from among a large, healthy, multi-ethnic population on whom body composition studies were carried out as part of a long-term collaborative study. All evaluated men and women had body mass < 100 kg and were healthy, physically active, weight stable adults over the age of 18 y. Subjects taking medications that might influence body composition Naturally occurring 40 K was determined using the BNL whole body counter with a between-measurement coefficient of variation (CV) of 1%. 32 Total body content of the seven elements was quantified using the in vivo neutron activation analysis facilities at BNL. 30 Neutrons with average energy $ 3.5 MeV are provided by the prompt-g BNL system from a collimated 238 PuBe source positioned beneath the recumbent subject. Sodium iodide detectors quantify produced g-rays, H at 2.223 MeV and N at 10.83 MeV. Hydrogen is used as an internal standard to estimate total body N. The CV for repeated phantom measurements is 2.8% for total body N. 30 The BNL delayed-g neutron activation system was used to measure total body Ca, Na and Cl. 30 Fast neutrons of $ 3.5 MeV are produced with 14 encapsulated 238 PuBe sources positioned below and above the recumbent subject resting inside the irradiation chamber. The subject is irradiated with fast neutrons for 5 min and then moved to a counting area where the 3.084 MeV g-rays from 49 Ca decay are measured. Total body Ca, Cl and Na CVs are 1.5, 1.7 and 1.6%, respectively.
Tritium dilution. TBW was measured by tritium dilution. 27 Blood samples were collected within 3 h of intravenous injection of isotope. The CV for repeated tritium dilution measurements on different days in our laboratory is 1.5%. 33 Calculations Model development group. Fat mass was estimated as the difference between body mass and fat-free body mass (FFM). Fat was assigned a metabolizable energy value of 39.3 kJ=g. 34 The fat-free body mass compartment was calculated as the sum of five components,
where Mo and Ms are bone and soft tissue minerals, respectively. Total body protein (TBPro) was evaluated from total body nitrogen (TBN) in vivo using prompt-g neutron activation analysis 29, 30 as TBPro ¼ 6.25ÂTBN. The metabolizable energy from protein is 18.4 kJ=g. 35 Glycogen, estimated assuming a stable ratio to total body protein in the postabsorptive state as glycogen ¼ 0.044Âprotein ¼ 0.275ÂTBN, was assigned a metabolizable energy value of 17.2 kJ=g. Although the glycogen content of post-absorptive tissues is small and accounts for less than 0.5% of total body energy content, 36 we include glycogen as a component in the traditional neutron activation multicomponent model. 37 Body minerals were quantified from total body amounts of K, Na, Ca and Cl by a combination of whole-body counting and delayed-g in vivo neutron activation methods. Specifically, bone mineral was calculated from total body Ca as Mo ¼ TBCa=0.364; and soft tissue mineral was calculated from total body K, Na, Cl, and Ca as 37 Ms
The applied composite model for total body fat estimation can be summarized as:
Fat ¼body mass À ðTBW þ 6:525 Â TBN þ 2:709 Â TBCa þ 2:76 Â TBK þ TBNa þ 1:43 Â TBClÞ TBW mass was evaluated by tritium dilution with proton exchange and water density adjustment as TBW (kg) ¼ tritritium dilution space (l)Â0.96Â0.994. 37 Each subject's energy content was expressed as metabolizable energy in MJ.
Evaluation groups. The first evaluation group had identical body composition analyses to those of the model development group. The additional literature-derived evaluation groups were studied using conventional body composition methods. Two components were reported: fat and fat-free body mass (FFM). Fat was assigned an energy value of 39.3 kJ=kg and FFM a value of 3.8 kJ=kg. 38 Estimated total body energy content was then calculated as the sum of fat and FFM energy contents.
Statistical methods
The hypothesis that significant sex differences exist in energy content-body mass models was tested by developing a multiple regression model with body mass, sex, age, height, and interaction terms (ie ageÂweight, ageÂheight, ageÂsex, ageÂsexÂweight, sexÂweight, sexÂheight, and weightÂ height) as potential independent variables. A backward elimination procedure was then applied for selecting a final model with significant predictor variables. 39 The developed multiple regression model was then used to estimate the expected total energy content for each individual or group in the evaluation phase of the study. The predicted and measured total energy content group mean before and after weight changes were compared to corresponding measured values using paired t-tests. Predicted and measured total energy content values before and after weight loss were also examined using simple linear regression analysis and Bland -Altman plots. 40 Following evaluation, the model was used to derive representative values for the energy content of weight change in women and men.
All group results are expressed as the mean and standard deviation. Analyses were carried out using the statistical program SPSS version 9.0 (SPSS Inc., 1999). 
Results
Model development
Subject characteristics. Subject characteristics are presented in Table 1 . There were 287 women and 129 men including 292 Caucasians, 88 African-Americans, 20 Hispanics and 16 Asians. Compared with the men, women had a greater body mass index (BMI), fat mass, and total energy content (all P < 0.001). Men, on the other hand, had a greater body weight (P ¼ 0.02) and larger lean compartment including TBW, protein, glycogen, bone mineral, and soft tissue minerals (all P < 0.001).
Energy content
Protein. The relationships between metabolizable energy from protein and body mass for men (r 2 ¼ 0.18, P < 0.001) and women (r 2 ¼ 0.20, P < 0.001) are summarized in Table 2 as univariate regression formulas. Men had a larger average protein metabolizable energy pool (199.2 AE 25.0 MJ) than did women (164.1 AE 17.7 MJ, P < 0.001; Table 1 ).
Fat. The relationships between metabolizable energy from fat and body mass for men (r 2 ¼ 0.49, P < 0.001) and women (r 2 ¼ 0.80, P < 0.001) are summarized in Table 2 as univariate regression formulas. Men had a substantially smaller average fat metabolizable energy pool (543.1 AE 252.8 MJ) than did women (909.7 AE 294.0 MJ, P < 0.001; Table 1 ).
Total. The relationships between total metabolizable energy content and body mass for men (r 2 ¼ 0.57, P < 0.001) and women (r 2 ¼ 0.83, P < 0.001) are presented in Figure 1 and corresponding univariate regression formulas are presented in Table 2 . The trend was for a greater sex difference in total metabolizable energy content at higher body mass. Men had a substantially smaller average total metabolizable energy pool (742.3 AE 248.3 MJ) than did women (1073.8 AE 296.1 MJ, P < 0.001; Table 1 ).
Total energy content model
The developed total body metabolizable energy prediction equation is presented in Table 3 . Metabolizable energy content was significantly associated with five single or combined predictor variables including sexÂweight ( < 0.001), ageÂ weight ( < 0.001), heightÂweight ( < 0.001), height ( ¼ 0.002), and sex ( < 0.001). Ethnicity was not an independent predictor variable in any of the analyses. Eighteen previous studies were included in the second evaluation group, with 16 involving longitudinal changes in body weight and two were cross-sectional studies of postobese subjects (Table 4) . Several studies provided separate data for men (n ¼ 8 groups) and women (n ¼ 13 groups). One study provided a synthetic review of earlier weight loss studies in 40 groups of men and 14 groups of women. 50 A scatter plot of predicted total energy content vs measured total energy content is presented in Figure 3 . Predicted (1331.1 AE 380.5 MJ) and measured (1317.8 AE 402.6 MJ, P ¼ NS) total energy content were highly correlated at baseline (r ¼ 0.95, P < 0.001). Follow-up predicted (1073.1 AE 355.9 MJ) and measured (1058.5 AE 351.7 MJ, P ¼ NS) were also highly correlated (r ¼ 0.97, P < 0.001) as were pooled baseline and follow-up studies (r ¼ 0.97, all P < 0.001). Bland -Altman analyses are presented in Figure  4 and show no statistically significant prediction bias either at baseline or follow-up. Similar correlations and lack of significant bias were also observed when data was analyzed separately for previous studies of men and women.
Estimated energy content of weight change
The developed models were used to estimate some representative values for the energy content of weight change (Table  5 ). In the first set of examples we assumed an overweight man and woman of similar age (35 y), height (170 cm), and initial weight (90 kg) lost an equivalent amount of weight, Figure 1 Total energy content vs body mass in men (n ¼ 129) and women (n ¼ 287). Corresponding regression formulas are presented in Table 2 . Total energy content was predicted using the model presented in Table 3 (baseline, r ¼ 0.84; follow-up, r ¼ 0.89; pooled r ¼ 0.90; all P < 0.001). In the second example, we selected values for Reference Male (age 22, height 170 cm, weight 70 kg, total energy content 647.0 MJ) and Female (age 22, height 163.8 cm, weight 56.7 kg, total energy content 764.6 MJ). 57 A weight gain of 20 kg for Reference Male would have a predicted Figure 3 Measured total energy content vs predicted total energy content at baseline and follow-up in men and women from 18 previous reports. Total energy content was predicted using the model presented in Table 3 (baseline, r ¼ 0.95; follow-up, r ¼ 0.97; pooled r ¼ 0.97; all P < 0.001).
Weight change energy content
The relationship between model-predicted and actual energy content of weight change is presented for representative examples in Figure 5 . The actual data was obtained from those subjects evaluated in the second validation experiment on whom appropriate individual subject data were available. 43, 54 The subjects participating in these experiments were weight stable for 14 days or more before initiation of over-or under-feeding. The figure shows the predicted relationships between total energy content and body mass for Reference Male (RM) and Reference Female (RF), both age 22 y. Three groups of male (M) and two groups of female (F) longitudinal data are presented in the figure, and all groups had mean ages less than 30 y. A close relationship is observed in general between these group mean values and the two related sex-specific prediction lines. The energy contents of weight change in the two female groups were 35.0 AE 14.5 and 26.1 AE 10.8 MJ=kg, compared to Reference Female's value of 28.3 MJ=kg. The first group of men (M1) consisted of two evaluations, 54 one at 12 weeks and the other at 24 weeks of weight loss on a low calorie diet. Respective values for the energy content of weight change were 19.6 AE 5.7 and 18.2 AE 4.5 MJ=kg. The energy contents of weight change for the remaining two groups of men (M2, M3) were 31.9 AE 10.6 and 27.3 AE 9.3 MJ=kg, compared to Reference Male's value of 21.1 MJ=kg.
Discussion
The present study extends Wishnofsky's rule 1 by demonstrating a sexual dimorphism in the estimated energy content of weight change based upon predictions from a cross-sectional model and supported by longitudinal evaluations. While in women the estimated energy contents of weight change ( $ 30.1 -32.2 MJ=kg) were close to the classic value of 32.2 MJ=kg, corresponding values in men were substantially lower, about 21.8 -23.9 MJ=kg. Our model also supports the view that age moderates the relation between total energy content and body mass. Estimated values for the energy content of weight change were larger in magnitude by about 10% in older compared to younger subjects.
Our study specifically explored sex and age effects in the energy content of weight change. Most of the earlier related investigations of this or similar topics concentrated analysis solely on women 10, 11 or women pooled together with men. 12, 13, 18 Moreover, we quantified in model development the main energy components using state-of-the art in vivo methods and did not rely on assumed component relationships such as the proportion of fat-free mass as protein.
While our model provided reasonable overall results when applied to our own and earlier longitudinal samples and to post-obese subjects, there was considerable variability in the relationship between measured and predicted results. For example, the predicted energy content of weight change for the male groups presented in Figure 5 was $ 21.1 MJ=kg while the observed range was from 18.2 AE 4.5 to 31.9 AE 10.6 MJ=kg. We have identified three groups of factors that might account for differences between observed and predicted values for the energy content of weight change.
First, body composition measurement errors may arise from two sources, technical and model. While the technical error for body weight measurement is relatively small ( < 1%), technical errors for body composition measurements are usually in the range of 3 -5% for the methods listed in Table 4 . Model errors refer to the assumed models upon which most body composition measurements are based. 55 While the validity of some of these models was Figure 4 Difference between measured and predicted total energy content vs mean of measured and predicted total energy content from 18 previous reports. Total energy content was predicted using the model presented in Table 3 (baseline, r ¼ 0.14; follow-up, r ¼ 0.12; pooled r ¼ 0.06; all P ¼ NS). The horizontal lines are the mean AE 2 s.d. measured -predicted total energy content difference. 43 The dashed line represents extrapolation of one male weight gain group (M2) an additional 20 kg above that actually observed. Weight change energy content A Pietrobelli et al evaluated in cross-sectional comparative studies, 56 few previous investigations have critically evaluated longitudinal model validity. The dynamic changes occurring in body composition during weight change pose challenges to the underlying assumptions upon which most methods are based. 55 A second group of concerns involves physiological effects and extrinsic factors such as diet and exercise level. Passmore and colleagues observed small increments in body weight due to fluid gain in women who were in negative energy balance. 13 Fluid balance changes can thus uncouple the relationship between body mass and energy balance as defined by cross-sectional population prediction models. Duration of energy imbalance is also an important but not well-studied factor that can lead to between-study variation in the energy content of weight change. Dole et al observed a low value for the energy content of weight change, $ 10.5 MJ=kg, in women over 4-day over-and under-feeding cycles. 10 Grande 16 reviewed additional investigations available at the time that also indicated low values for the energy content of weight change during early over-or under-feeding but values in excess of 25.1 MJ=day following long-term study periods.
Another group of relevant physiological factors involves subject weight and fat mass at initiation of over or underfeeding. A number of studies and literature reviews 17, 18, 57, 58 suggest a 'protein sparing' effect of body fat with obese humans and animals losing relatively less nitrogen with total starvation than their lean counterparts. Elia et al 58 in their recent review highlight the important metabolic differences between lean and obese subjects during prolonged starvation that are associated with a slower rate of protein loss in the obese. Forbes suggests 17,18 a non-linear relationship exists between fat and lean mass when populations of very lean and obese are included in the analysis. Nonlinearity in compartmental changes with weight loss was also suggested by Alpert, who advanced a two-reservoir model to explain his observations. 59 Although our total energy content model was equally well fit by linear and non-linear terms, we did not include adequate numbers of very lean subjects or subjects > 100 kg, which would be useful in specifically exploring this set of body mass -body composition interrelationship issues. We also used body mass as the primary independent variable in our analyses and the possibility exists in future studies to view the amount and changes in energy content as a function of baseline percent fat.
Weight loss diets with variable proportions of energy as fat, 14 with poor quality sources of protein, 22 and that vary widely in the magnitude of imposed negative energy balance 18 are all factors previously reported as influencing relative losses of energy as stored fat and protein. The type and duration of imposed physical activity can influence relative losses of fat and lean. 18, 48, 60 Uncontrolled diet and exercise effects may therefore introduce variability into the observed energy content of weight change.
The third factor that might lead to variation between observed and model-predicted energy content of weight change involves our critical foundation assumption that subjects gaining or losing body mass experience corresponding body composition changes that are predictable from a cross-sectional model. Although our total energy content model performed well when applied to available longitudinal data, the possibility remains that with long-term weight gain or loss body composition never fully 'remodels' to a state identical or similar to that predicted by a cross-sectional model. Previous studies from our Center suggest that either diet or surgery-induced long-term weight loss is associated with relatively normal body composition with the exception of a small increase in relative fat-free mass hydration. 25, 26 In contrast, the vector suggested by some of the evaluated longitudinal groups in the present study predicts a much larger deviation from 'usual' body composition proportions. For example, the dashed line in Figure 5 represents the extrapolation of one male weight gain group (M2) beyond the actual study range. With an additional 20 kg of weight gain the extrapolated line suggests the males would have an energy content similar to that of females with comparable body weight. While this possibility seems unlikely, the important question of long-term remodeling effects following changes in energy balance remains an open question.
Knowledge of how the body remodels with weight change is fundamental to the study of body weight regulation and energy homeostasis. Our developed total energy content model, with the identified constraints, predicts the magnitude of energy balance change observed when subjects gain or lose a specified amount of body mass. A prediction of our model, and the related hypothesis that prompted the present study, is that a unit body mass change in women requires a larger energy imbalance than it does in men. A parallel prediction is that a unit body mass change in elderly subjects requires a larger magnitude energy balance change than it does in young subjects. Any substantial deviation from these predictions would result in a departure from the normal body composition proportions observed in weight stable adults. These observations arise from fundamental body compartment -body mass relationships observed in healthy non-exercising adults. Rather than provide definitive rules or relationships, the present study opens fundamental questions on quantitative associations between the various body compartments, body mass and perturbations in energy equilibrium. Our findings also reveal substantial gaps in the experimental literature that can now be potentially explored using modern body composition methodology combined with appropriate interventional protocols.
